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A B S T R A C T
The free-piston diesel engine linear generator (FPDLG) shows a great deal of merits due to its unique structure and operation characteristics. For this reason, most researchers 
mainly investigated on the FPDLG character-istics. However, there has not been any report on the engine operation characteristics. So this paper focuses on the engine operation 
characteristics of the FPDLG during the generating process. According to the experimental results, it is found that the output power of the designed prototype can reach 5.16 kW 
with the thermal efficiency of up to 38.5%. Experimental test results are obtained and processed both in time and crank-angle coordinates. Compared to the conventional diesel 
engines, the ignition delay of the FPDLG is shorter and the premix com-bustion quality is better. By analyzing the operating cyclical variations of the prototype, the coefficient of 
variation (COV) of the compression ratio is found to be higher than 27%. While the peak in-cylinder gas pressure and pressure rising ratio cyclical variation can maintain a stable 
operation (similar to the conventional diesel engines), higher COVs of the compression ratio can always complicates the engine combustion. Therefore proper control strategies 
are necessary for the FPDLG.
1. Introduction
Under the background of the requirements for low fuel consumption 
and stringent emissions standards in the whole world, researchers not 
only focus on the technological improvements and performance opti-
mizations for the current energy conversion device, but also explore new 
efficient power devices. Free-piston engine linear generator (FPLG) is a 
typical representative of the new efficient power devices [1–5]. The 
FPLG combines free-piston engines and a linear generator. The general 
working principle is that the high-temperature and high-pressure gas is 
produced after the combustion process in the engine cylinder, which 
pushes the piston assembly and the moving magnet of the generator 
reciprocate, then the generator converts parts of the kinetic energy of 
the moving magnet into electricity [2–4]. Therefore, the FPLG offer the 
potential to generate and deliver power without the need to convert 
linear piston motion to rotary crankshaft motion. This concept is pro-
posed in the 1920s by Pescara [6,7]. Its potential advantages include low 
frictional loss [7], multi-fuel possibilities [8], low NOx emission [9,10], 
which all have been reported over the conventional internal combustion 
engines (ICEs). However, there are some disadvantages of the FPDLG, 
compared with the conventional ICEs, such as the prototype
is unable to operate smoothly during the generating process because its 
special dead center movements are lack of mechanical restraint, the 
working process of the FPLDG is very sensitive to the combustion 
fluctuations occurring in the engine. Although the FPDLG has these 
disadvantages, it could operation stably and generation electric power if 
the combustion characteristics of the engine are clearly and the sui-table 
control strategies are applied. Then the FPDLG, as a power source, is 
used to the vehicles and the power-plants in the world.
According to the combustion mode, the FPLG can be mainly divided 
into two categories: compression ignition engines FPLG (such as free-
piston diesel engine linear generator, FPDLG) and spark ignition en-
gines FPLG (such as gasoline FPLG). Most of research institutes such as 
West Virginia University [11,12], Toyota Central R&D Labs [13,14], 
they focus on the gasoline FPLG and the diesel FPLG. And then multiple 
FPLG prototypes are developed by these institutes. As the experimental 
data shown, the thermal efficiency was estimated to be up to 46%
(including friction and compressor losses) at the power of 23 kW 
[15,16]. Although the FPDLG has high thermal efficiency which is more 
suitable for high-power machinery, it is more difficult to run con-
tinuously and stably. Therefore, researchers also make great efforts to 
solve the problem of the starting process and carry out theoretical
T
analysis.
In the early stage, Clark and Atkinson [17] proposed a numerical 
model of the FPLG, which contained a dynamic model, a thermo-
dynamic model, a scavenging process model, a combustion process 
model and a heat transfer model. To obtain test results, they improved 
the common-rail injection system of the fuel supply system [17].
Finally, it was found that stable operating upon cranking was the most 
difficult to overcome in the compression ignition case [12].
Based on the conclusions, there are four main research directions for 
compression ignition free-piston engines: hydraulic free piston engine, 
control strategies, application of HCCI combustion mode, prototype 
designation and experimental discussion. For the first direction,
Nomenclature
COV coefficients of variation
DAQ data acquisition
EFS electronic fuel injection system
EMF back electromotive force
FPDLG free-piston diesel engine linear generator
FPE free-piston engine
FPLG free-piston engine linear generator
HCCI homogeneous charge compression ignition
ICEs internal combustion engines
SNL Sandia National Laboratories
TDC top dead center
Ci combustion coefficient of the i stage of the Wiebe function
d means the diffusive combustion process
dX dt/ rate of combustion heat release by the Wiebe function
fitting
p dt(d / )peak the peak pressure rising ratio
m the combustion quality factor
n the number of the stages of calculating
ni combustion quality factor of the i stage
p means the premix combustion process
Q the fuel mass fraction
R the equivalent length of crank
t time
t i0 starting timing of heat release
v the piston velocity
x the piston displacement
X1 the premix combustion percentage
X2 the diffusive combustion percentage
ω the equivalent speed
θ the equivalent crank-angle
λ the equivalent ratio of crank-to-rod
tΔ i0 the combustion duration of the i stage
βi combustion quality percentage of the i stage
Fig. 1. The FPDLG prototype system and test rig.
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2. FPDLG test bench description
2.1. Prototype configuration
As shown in Fig. 1, the main parts of the FPDLG prototype contain 
two two-stroke compression ignition free-piston engine cylinders, fuel 
injectors, a scavenge system, a linear motor-generator integration ma-
chine, a controlling system, a set of electric load and testing sensors. 
The linear motor-generator integration machine runs as a driving motor 
during the engine cold start-up process, and will be switched to a 
generator in conversion system action, that is shown in Fig. 1. During 
the starting process, the in-cylinder gas acts as an air-spring behavior in 
the absence of combustion [1]. The selected cylindrical commercial 
linear motor-generator integration machine consists of a moving 
magnet slider and a stator. The two pistons are connected to both ends 
of the slider, and the whole assembly is named mover. When the mover 
(two pistons connected to the moving magnet by a connecting rod) 
reciprocates, an electric current will be generated according to the 
electromagnetic theory. In the above process, the drive force is pro-
duced by the two cylinders which are placed on both sides of the linear 
motor-generator integration machine. The prototype design parameters 
and the initial experimental parameters are listed in Table 1.
As the compression ratio is variable, the requirements for the fuel 
supply system of the direct-injection FPDLG are listed as follows
(1) The injection pressure should be high enough to ensure the fuel
atomization effect.
(2) The amount of the fuel injection for each running cycle can be
controlled instantaneously
(3) The piston displacement will be used as the trigger signal for the
injection timing controlling.
According to above requirements, a high-pressure common rail
system is designed and manufactured for the prototype. It includes a 
fuel tank, a filter, two electrical motors (a large power motor and a 
small power motor), a high-pressure fuel pump, several fuel pipes and 
two injectors. Several parameters such as the fuel injection amount for 
each cycle and the injection timing can be regulated via the controller 
and PC. During the operation of the system, the fuel in the tank is 
pumped by the small power electrical motor through a filter to a low-
pressure oil way (1.50–5.00 bar). Then it reaches the common rail with 
the help of the high-pressure pump by the large power electrical motor. 
Finally it is injected into the cylinder when the injection signal is 
triggered as shown in Fig. 2.
In order to control the cyclical fuel injecting mass within a certain 
range as listed in Table 2, the nozzle and jet are designed and manu-
factured. Then they are assembled with commercial injector of Bosch 
brand. Finally the whole assembly is tested with the electronic fuel 
injection system (EFS), and the injection rate curves are shown in Fig. 2.
Table 1
Parameters of the diesel FPE and the linear generator.
Parts Parameters [Unit] Value
Cylinders Bore [mm] 60.00
Maximum effective stroke [mm] 61.50
Maximum total stroke [mm] 98.00
Mass of piston and slider [kg] 6.00
Scavenge pressure [bar] 1.40–1.50
Linear motor-generator
integration machine
Back electromotive force (EMF)
constant of generator [V/(m·s−1)]
76.00
Internal resistance of coils [Ω] 5.40–6.98
Peak force [N] 2162
Maximum velocity [m/s] 5.9
Peak current [A] 34
Force constant [N/A] 89.9
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Johansen [18] in Norwegian University of Science and Technology 
conducted a joint research on the dynamics and control of the FPLG with 
Rolls-Royce Marine AS in 2003. A single-cylinder FPLG unit was 
developed and tested. The engine was started in 2 s by injecting a suf-
ficient amount of air into the air cushion to generate required pressure 
for the TDC position. A piston motion controller was used to generate a 
required injection fuel quantity in each cycle. Based on the controller, 
there was satisfactory variability of the dead center of about 1 mm after 
the initial transient [18].
Besides, Zhenfeng Zhao [19] at Beijing Institute of Technology de-
veloped an experimental prototype of the hydraulic free-piston engine. 
In order to meet the requirement of the compression ratio and the piston 
velocity in each cycle, the compression pressure of the hydraulic 
cylinder was controlled and changed in real-time. Ultimately, the in-
dicated thermal efficiency of the prototype reached 41% and the in-
dicated mean effective pressure was 5.2 bar [20]. Meanwhile, Zong-
xuan Sun [21] at University of Minnesota-Twin Cities applied a precise 
piston trajectory control method on the hydraulic free-piston engine 
prototype when the HCCI combustion mode was used [1]. With the feed-
forward plus repetitive control designation, the piston followed a 
prescribed trajectory precisely [21].
Simultaneously, Blarigan [22] in Sandia National Laboratories (SNL) 
designed a free-piston engine prototype which operated on a high 
compression ratio (25:1) under the HCCI combustion mode. Firstly, the 
numerical model was used to simulate the HCCI combustion work 
process [23,24]. Then the thermal efficiency and exhaust emission re-
lative to the conventional diesel engines were optimized by the use of 
CFD simulation results [22]. After improving the prototype, the com-
pression ratio changed between 20:1 and 40:1. Operation frequency was 
from 23 Hz to 28 Hz (mean the piston velocity was from 10 m/s to 12 m/
s) [25].
Otherwise, Roskilly [26,27] at Newcastle University and Feng 
Huihua [1–5,28–30] at Beijing Institute of Technology designed and 
manufactured the free-piston engine test rigs based on the linear gen-
erators for research on the prototype stable operation control strategy. 
They found that the starting process was one of key factors which would 
influence the switching process and the operation stability of the pro-
totype. Boru Jia [29] indicated that the peak in-cylinder pressure and 
the compression ratio increased in a non-linear manner and trended to 
reach a stable state after a number of cycles by applying an oscillation 
starting method on gasoline FPLG.
According to the above discussion, there have not been reports for 
the engine operating characteristics during the generating process of 
the FPDLG. The combustion characteristics of the engine directly affect 
the piston operation characteristics and the FPDLG performance. In this 
paper, the engine operation characteristics of the FPDLG during the 
stable generating process will be investigated, according to the ex-
perimental results. As the starting strategy of the diesel engines affects 
the operation performance of the free-piston engines during the ex-
periment process, a one-stroke starting method will be proposed in this 
paper to ensure the work conditions of the prototype to be transferred 
from stopping to generating process. And then the test data will be 
processed by using annealing and Levenberg Marquardt algorithms. 
The curves of the in-cylinder pressure and temperature, the pressure 
rising ratio, the piston displacement, the heat release ratio will be ob-
tained and divided into several sections based on different heat release 
stages. Afterwards, the combustion characteristics of premix and diffuse 
processes will be analyzed. As well the combustion cyclical variation of 
the diesel FPLG will be tested and studied. By calculating the coeffi-
cients of variation (COV) of the peak in-cylinder pressure, the pressure 
rise ratio and the TDC position and so on, the stability during the 
generating process of the FPDLG without any active control strategy 
can be evaluated.
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It is obvious that as the rail pressure becomes larger in the same 
duration time, not only the injection rate rises but also the slope of the 
rate during starting and ending time increases. Hence this indicates that 
delay time of Needle valve opening and closing decreases with the 
rising of the rail pressure. Besides, there are double peaks of the in-
jection rate curves. Both of the peaks are caused by the opening and 
closing of needle valve.
2.2. Operation principle
The system operation process covers the engine debugging, starting 
and generating processes as shown in Fig. 3. At the debugging stage, the 
driving current in the coil of the linear motor is set as 12 A which is only 
35.3% of the maximum power. During this process, the initial position 
of the slider needs to be set to equalize the gas pressure in both cylin-
ders. During the starting process, the drive current in the coil is set as 
28 A (82.4% of the maximum power of the linear motor). With this 
drive current of the linear motor, the compression ratio and in-cylinder 
gas pressure in both cylinders can meet the igniting requirement in one-
stroke, as shown in Fig. 4.
After starting process in one-stroke, the conversion system in Fig. 1 
is triggered and activated by the signal from the controller. The linear 
motor-generator integration machine runs as the generator. Meanwhile, 
the high-pressure common rail system and scavenge are activated in the 
same way. The parameters such as the in-cylinder pressure and the 
piston displacement are tested simultaneously as the feedback signals.
2.3. Test system
The rig is established to monitor or acquisition data including the 
real-time the in-cylinder pressure, the piston displacement, pressure in 
scavenge chamber and so on. The testing device should have a quick 
and simultaneous response. As listed in Table 3, the Kistler pressure 
sensors with a range of 0–25 MPa are selected to measure the in-cy-
linder pressure. The built-in encoder of the selected commercial motor 
is used to measure the piston displacement. The measuring range of
Fig. 2. Injection signal and injection rate in certain displacement of the piston.
Table 2
The parameters of the injection system.
Parameters [Unit] Value
Injector type Bosch CRI2
Number of nozzles 3
Diameter of nozzle [mm] 0.14
Include angle of injection [°] 140
Injection pressure [MPa] 90
Injection pulse width [ms] 0.7
Cyclical fuel injecting mass [mg] 9
Fig. 3. The operational chart of the system.
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encoder is from 0 to 260mm, and the sensitivity is 0.02mm. The tested
data are collected by the National Instruments equipment, which is
integrated by a quad core PXIe-8135 controller of 2.3 GHz and a PXIe-
6358 synchronous DAQ card. The maximum sample frequency is
1.25MS/s. The test results can be read by the software interface. And
the data acquisition program is developed in LabVIEW software. In
order to obtain reasonable cylinder pressure data, it is necessary to
filter the voltage signal output from the charge amplifier. This process
Fig. 4. Test results of piston displacement and in-cylinder pressure in four
stages.
Table 3
Sensors type used in the experiment.
Test device Type
Cylinder pressure sensor Kistler 6052C
Gas pressure sensor Kistler 4007BA5
Piston position sensor Motor built-in encoder
Charge amplifier Kistler 5018A1000
DAQ card National Instruments
Fig. 5. Processed results of data in crank-angle coordinate.
Fig. 6. Subsection of heat release process in time coordinate. (a) Rate of com-
bustion heat release /[kJ/s]; (b) In-cylinder pressure /[MPa]; (c) Temperature
/[K]; (d) Piston displacement /[mm].
Fig. 7. Subsection of heat release process in crank-angle coordinate.
can minimize interference of the combustion pressure oscillation and 
channel effect.
Tested results of the piston displacement and in-cylinder pressure 
are presented in Fig. 4. During the debugging process, the peak in-cy-
linder gas pressure keeps in 2.0 MPa stably after debugging. The motion 
frequency of the mover is up to 23 Hz. It is observed that the peak in-
cylinder pressures of the two opposite cylinders are equal and stable. 
Then the stator coil current increases to 28 A after 10 cycles. This 
current is provided in only one cycle until the conversion system is 
triggered. At the same time, the scavenge system and the injection 
system start to work. Finally, the prototype can run more than 100 
cycles. Meanwhile, the peak pressure is up to 8.1 MPa during the gen-
erating process. The frequency of the mover can reach up to 26.3 Hz 
which is increased by 14.3%.
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3. Combustion characteristics analysis based on test results
3.1. Data processing methods
In order to simplify the data processing work and obtain the re-
quired precise results, a zero-dimension method that is suitable for
actual heat release law of the FPDLG is used. Therefore, a time based
Wiebe function is applied to express the mass fraction burned in the
combustion process as follows [19,31]:
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In which dX dt/ is rate of combustion heat release by the Wiebe function
fitting, n is the number of stages of the calculation, Ci is combustion
coefficient of the i stage of the Wiebe function, ni is combustion quality
Fig. 8. Pressure rising rate and combustion percentage curve.
Fig. 9. Cyclical variation of the peak pressure in two cylinders.
Fig. 10. Cyclical variation of peak pressure rising ratio p dt(d / )peak in two cy-
linders.
Fig. 11. Peak pressure in both cylinders in crank-angle coordinate.
Fig. 12. Cycles of peak pressure in different crank-angle ranges.
Fig. 13. Pressure rising ratio in both cylinders in crank-angle coordinate.
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factor of the i stage, tΔ i0 is the combustion duration of the i stage, t i0 is
starting timing of heat release, βi is combustion quality percentage of
the i stage.
As for the FPDLG, in order to improve the precision of the re-
searching FPDLG prototype, the double-Wiebe function (n is 2) is ap-
plied on the simulation models. So the ratio of the combustion heat
release can be described as follows:
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where t is time, X1 is the premix combustion percentage, X2 is the
diffusive combustion percentage, m is the combustion quality factor, Q
is the fuel mass fraction. Subscript p means the premix combustion
process, and d means the diffusive combustion process.
When choosing optimizing algorithm, it is obvious that it is difficult
to solve initial value by using damped least square algorithm and seek
efficiency reduced by applying annealing algorithm. Therefore, a
method of combined utilizing the two algorithms is used to fitting rate
curves of combustion heat release. Firstly, the measured data is in-
itialized, and t is generated randomly. E t( ) and E t( )1 can be calculated.
If ⩾EΔ 0 and it satisfies with Metroplis formula, the new result is ac-
cepted as =t t1. This consequence is output as initial value of damped
least square algorithm.
→ + = ⎧⎨⎩
<
⩾− +( )p i i
E
E( ( 1))
1(Δ 0)
exp (Δ 0)E t E tkT
( ) ( )i i 1
(3)
= =E st δ δ t( ) ( )T (4)
= −+E E t E tΔ ( ) ( )i i1 (5)
3.2. Coordinate transforming methods
The heat release process of the conventional ICEs can be analyzed in
crank-angle coordinate. However, there are two coordinate re-
presentations for the FPDLG, which are the time and the displacement.
In order to research combustion characteristics of the FPDLG by the
way of comparing with the conventional ICEs, an equivalent method
that translates time coordinate to crank-angle will be used in this paper.
The equations of piston motion are [32–34]
= ⎡⎣ − + − ⎤⎦x R θ
λ θ(1 cos )
4
(1 cos2 )
(6)
= +( )ω
v
R θ θsin sin2λ2 (7)
where x and v are the piston displacement and velocity respectively 
which can be tested by experiment rig, ω is the equivalent speed, θ is 
the equivalent crank-angle, R is the equivalent length of crank, λ is the 
equivalent ratio of crank-to-rod. Thereby, the equivalent value of θ and 
ω can be calculated. One of cycle from the closing timing to the opening 
timing of the exhaust port will be selected as a whole combustion heat 
release process based on the test results when the linear motor runs as a 
generator.
The test data are processed and optimized with above arithmetic. In 
Fig. 5, there are two peaks of the rate curve of heat release. However, it 
is well known that this curve should be unimodal. This result may be 
caused by reasons such as test devices, sample frequency etc. By using 
annealing and Levenberg Marquardt algorithm, the test results are re-
formed and shown as dash curves in Fig. 5. By calculating, the indicated 
mean pressure is 0.42 MPa, the indicated power of prototype is 5.16 kW, 
and the indicated thermal efficiency is 38.5%.
3.3. Discussion
Based on the processed data, the curves of the in-cylinder tem-
perature, the pressure rising ratio and the piston displacement are also 
obtained in time and crank-angle coordinate. Consult the combustion
Fig. 14. Cycles of peak pressure rising ratio in different crank-angle ranges.
Fig. 15. Cyclical variation of compression ratio in both cylinders.
Table 4
COV parameters of the engine.
COV Parameters Value of left
cylinder
Value of right
cylinder
COV of the peak in-cylinder
pressure
7.06 5.80
COV of the peak pressure rising
ratio
9.15 10.13
COV of the compression ratio 27.3 29.6
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period of the FPDLG covers from 14°CA to 15°CA, and the maximum 
rate of pressure rise can reach to 0.6 MPa/°CA which is higher than that 
of the conventional ICEs (0.3 MPa/°CA to 0.5 MPa/°CA), according to 
the results indicated above. The slow combustion period of the FPDLG 
is only 7°CA which is shorter than the conventional ICEs. Meanwhile, 
the post combustion period is also obvious, which covers 6°CA. They 
are shown in Fig. 8.
4. Cyclical variation based on test results
As the piston motion of the FPDLG is not restricted by the crankshaft 
mechanism, there are two forms of cyclical variation: pressure perfor-
mance in-cylinder and TDC position. According to the testing results, the 
prototype can run more than 200 cycles continually. The cyclical 
variation with test results is analyzed as follows. Firstly, the cyclical 
variation of peak pressure in both cylinders is shown in Fig. 9. The left 
cylinder is compressed in first cycle. Because of better exhaust effect, the 
peak pressure in this cylinder can reach to 8.0 MPa. However, the peak 
pressure in opposed cylinder is only 7.4–7.7 MPa. This is caused by the 
operation balance differences of both cylinders. After the starting 
process, the peak pressure in left cylinder reduces gradually and be-
comes stable. Even if the operating of the prototype keeps stable after 
4.8 s, the cyclical variation becomes greater. The variation value reach 
up to 5.2%. There are several reasons that lead to this phenomenon:
(1) Low exhaust efficiency can result in that fresh air charge is con-
sumed in cycles. Thus the air-fuel ratio reduces and leads to low fuel 
efficiency.
(2) Without closed-loop injection controlling strategy, the injection 
position (the injection timing) is constant. Although the operating 
process can last for some time, the prototype will stop working 
when the injection parameters are not match with the combustion 
heat release process.
(3) Because of the unfixed TDC, the mixing effect in cylinder of fuel and 
gas also has significant cyclical variations. Especially when the 
maximum compression ratio decreases, the premixed combustion 
percentage of fuel rises up. Hence the compression work of the 
opposed cylinder reduces which also lead to lower compression ratio.
This feature is also indicated in Fig. 10. The peak pressure rising
ratio (d /p dt)peak of the left cylinder is also reduced before 4.8 s, and it 
reduced by 23%. However, the range of (d /p dt)peak variation maintains 
stable basically. This feature can maybe indicated that the third reason 
above is not right. But we can be informed that the maximum premix 
combustion percentage is up to 80%. The reduction of pressure rising 
ratio can’t deny the third reason. Therefore, this phenomenon is also 
caused by the above three reasons.
In addition, the trend of the curves of the peak in-cylinder pressure 
and the peak pressure rising ratio are the same, as shown in Figs. 9 and 
10. It is because that the combustion characteristics of the both sides 
cylinder are identical, according to the above research results. How-
ever, it is found that the variation range of the peak in-cylinder pressure 
and the peak pressure rising ratio in the left cylinder are both bigger 
than that in the right cylinder in Figs. 9 and 10 respectively. The main 
reason is that the seal of the two sides of the cylinder is different. And 
the sealing effect of the left cylinder is better than that of the right 
cylinder, according to the experimental results.
By applying the coordinate transforming method, the TDC of piston 
motion is defined as 0°CA. As well the parameters such as the pressure in 
cylinder via crank-angle can be obtained. After data statistics, the peak 
pressure of both cylinders in coordinate of crank-angle is shown in Fig. 
11. It is observed that most of peak pressure points concentrate in a 
certain range from 0°CA to 15°CA. It is can be indicated that these points 
are in time range of 0–4 s. However, the value in crank-angle range of 
15°CA to 25°CA is a little higher. It is because that the most of
stages division method of the conventional diesel engine, the whole 
curves can be divided into several stages by the key points shown in Figs. 
6 and 7 (Fig. 6 is the subsection of heat release process in time 
coordinate, Fig. 7 is the subsection of heat release process in crank-angle 
coordinate). The injection timing is point 1 in Fig. 6 and point a in Fig. 7, 
the starting timing of combustion is point 2 in Fig. 6 and point b in Fig. 7, 
the timing of the peak in-cylinder pressure is point 3 in Fig. 6 and point c 
in Fig. 7, the timing of the peak in-cylinder temperature is point 4 in Fig. 
6 and point d in Fig. 7, the end of combustion is point 5 in Fig. 6 and 
point e in Fig. 7. Since diverse the piston movement rule of the FPDLG 
comparing with the conventional ICEs, the four stages of the combustion 
process are different from them of the conventional diesel engine.
Ignition delay period is the curve from point 1 to 2 in Fig. 6 (point a 
to b in Fig. 7). The duration is 0.8 ms which is shorter than the low-speed 
turbo-charged conventional diesel engine (the duration is from 1 ms to 3 
ms, according to the Refs. [32,35]). That is because the duration is 
affected by several factors such as the in-cylinder tem-perature, the 
diesel fuel atomization, the evaporation and the air-fuel mixture quality. 
According to the piston operation characteristics of the FPDLG, the high 
piston velocity maintains longer time before it reaches to TDC. 
Meanwhile squish effect is enhanced because there is shallow basin 
sunken on the top of piston. Because of these reasons, the mixing effect 
of fuel and air in-cylinder is also enhanced. As a result of these, the 
ignition delay period is reduced.
Rapid combustion period is the curve from point 2 to 3 in Fig. 6 
(point b to c in Fig. 7), and the duration lasts about 1.4 ms. The max-
imum pressure rising ratio is 4000 MPa/s which corresponds to 0.6 
MPa/°CA in crank-angle coordinates. And the maximum pressure rising 
ratio of the FPLDG is larger than that of the conventional ICEs. Because 
this parameter is from 0.3 MPa/°CA to 0.5 MPa/°CA in con-ventional 
ICEs, when they operated on the same condition, according to the Refs. 
[31,35]. Thus, the FPDLG runs more roughly and makes more noise. As 
can be seen from the combustion percentage curve in Fig. 7, more than 
80% fuel is consumed in this stage. This is caused by several reasons. On 
the one hand, the mixed effect of fuel and air is improved on account of 
higher piston velocity during the combustion period, compared to the 
conventional ICEs. On the other hand, the piston still maintains high 
acceleration at the beginning of combustion stage. The slower 
compression stroke of the FPDLG leads to longer time condition in-
cylinder of high pressure and high temperature.
Slow combustion period is the curve from point 3 to 4 in Fig. 6 (point 
c to d in Fig. 7), and the duration is about 0.5 ms. As the fuel combustion 
percentage is about 75% of the ICEs in this period, only about 10% fuel 
is consumed of the FPDLG in slow combustion period. That is because 
the piston velocity is high after TDC without flywheel, compared with 
the ICEs. The in-cylinder pressure and temperature decreases rapidly, 
therefore the diffusive combustion process is affected negatively. The 
shorter slow combustion period and less fuel con-sumption result in less 
NOx and soot of exhaust.
Post combustion period is the curve from point 4 to 5 in Fig. 6 (point 
d to e in Fig. 7), and the duration is about 1 ms. Only about 7% of fuel is 
consumed among this period. The fuel efficiency is low during the post 
combustion period of engine. However, the electromagnetic force of 
generator hinders the movement of the mover, the mean velocity of the 
piston of the FPDLG is higher than that of the ICEs. This is conductive to 
conversion of heat into power.
In order to research the combustion characteristics of the FPDLG 
obviously and compare with the conventional ICEs directly, an 
equivalent method is employed to process the test data of the time and 
the piston displacement. It can be seen from post-processing results in 
Fig. 7, the rate of heat release is a still unimodal curve. The premixed 
combustion process account for about 80%, and the combustion dura-
tion covers about 25°CA which is less than the conventional ICEs. The 
ignition delay period covers 7°CA. Since this period is about 8°CA to 
12°CA, the fuel in FPDLG cylinder ignites faster. The rapid combustion
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In which, the subscript x means the one of the cyclical variation
parameters. σx is standard deviation of x in N cycles. x is arithmetic
mean value. They can be calculated like this:
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By using above methods, the COVs of the peak pressure, the peak 
pressure rising ratio and the compression ratio can be calculated and 
listed in Table 4. Although the COV of the peak pressure in both cy-
linders are unbalanced, they are less than 10% and meet the require-
ments of the conventional ICEs. The COV of the peak pressure rising 
ratio reflect the crude operating of the prototype. However, the COV of 
the compression ratio is greater than 27% without closed-loop control 
of the injection system and other linear motor parameters. This directly 
leads to the crude operation condition, so the proper controlling 
strategy is necessary for the FPDLG.
5. Conclusions
This paper has presented the FPDLG continually in one operating
condition. A one-stroke starting strategy is developed as the power of
the linear motor is large enough to push the in-cylinder pressure to
meet the required compression ratio for combustion. Then experimental
tests are conducted and the test results are further processed in both the
time and the crank angle coordinates with the algorithms of annealing
and Levenberg-Marquardt. The output power of the prototype engine
can reach 5.16 kW with the thermal efficiency of up to 38.5%.
By a comparative research, the ignition delay of the proposed
FPDLG is found shorter than low-speed turbo-charged conventional
diesel engines. Nearly 80% of the fuel is consumed in the premix
combustion stage because the mixture of fuel and air is improved due to
the higher piston velocity during the combustion period. Meanwhile,
the shorter duration of this period and less fuel consumption will result
in less NOx and soot production in the emission. The average piston
velocity of the FPDLG is higher than the conventional ICEs during the
post combustion period caused by a lower electromagnetic force of the
generator. This improves the conversion from heat into power.
By analyzing the cyclical variations of the FPDLG prototype, there
are three reasons for cyclical variations of the peak in-cylinder gas
pressure in both cylinders. Comparing between the peak pressure rising
ratio and the compression ratio, the major reason is the mismatch of the
injection position and various TDC position. It is also indicated that the
crude work condition of the FPDLG is due to high COVs of the com-
pression ratio which is more than 27%. Therefore the proper control
strategies of the injection system and the linear generator parameters
are necessary and critical.
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